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Introduction
Burkitt's lymphoma (BL) is an aggressive mature B-cell lymphoma. Left untreated, it is fatal within months. There are three subtypes of BL: sporadic BL, mainly found in the Western world, endemic BL, mostly found in tropical Africa, and BL associated with immunosuppression. 1 About 90% of patients with endemic BL and 30% of those with sporadic BL are infected by Epstein-Barr virus (EBV), suggesting a pathogenic role of the virus, although only few viral genes are expressed in EBV + BL. 2 The hallmark genetic lesion of BL is the so-called "Burkitt translocation" t(8;14)(q24;q32) and its variants t(8;22) and t(2;8), which juxtapose the MYC oncogene to one of the three immunoglobulin (IG)-loci. 2 One of these Burkitt translocations is present in almost all cases of BL investigated so far, 2 but is not specific because it is also found in other lymphoma types.
3 IG locus-driven MYC expression leads to strong proliferation signals, allowing the cells to grow rapidly. 2 However, strong expression of MYC also stimulates apoptotic pathways. 2 The BL clone must, therefore, acquire additional lesions to disrupt this signaling to benefit from the growth-enhancing effects of MYC. Some of the additional mutations described so far disrupt the p53-mediated pathway of apoptosis, by targeting TP53 itself or components of its signaling cascade, allowing BL cells to evade external and internal death signals. 2 Compared to most other mature B-cell lymphomas, BL is characterized by the rarity of chromosomal aberrations secondary to the IG-MYC fusion. The most frequent secondary changes in BL detected by conventional cytogenetics are gains in 1q and in chromosomes 7 and 12. 3 The current knowledge on secondary chromosomal changes in BL predominantly relies on analyses performed by conventional cytogenetics and comparative genomic hybridization (CGH) to chromosomes or low-resolution arrays. [4] [5] [6] [7] [8] These techniques are not suitable for detecting chromosomal imbalances at high-resolution and might, therefore, have failed to detect pathogenically important changes. Moreover, they are also not suitable for detecting chromosomal changes not causing structural alterations, such as uniparental disomies (UPD). UPD were recently detected in various cancers 9 and have been proposed to be an alternative mechanism to down-regulate tumor suppressor genes by duplication of inactivating mutations or deletions on one allele. 10, 11 Finally, previous studies have focused on cases not classified by gene expression. As we recently showed, a considerable number of mature aggressive B-cell lymphomas would have to be re-classified if molecular signatures are applied. 8 We, therefore, performed high-resolution single nucleotide polymorphism (SNP) chip analysis on 39 sporadic BL cases collected by the "Molecular Mechanisms of Malignant Lymphomas" (MMML) consortium and defined as "molecular Burkitt's lymphoma (mBL)".
Design and Methods

Collection and extraction of DNA
Biopsies were diagnosed by experienced pathologists from the MMML consortium according to WHO criteria. 1 Five cases of BL were used as "core" BL in the classification based on gene expression, 8 29 were in the "atypical" group. A tumor cell content of at least 70% was an inclusion criterion. Whole tissue DNA of tumor sections was extracted with the QiaAmp DNA Blood Kit according to the manufacturer's manual (Qiagen, Hilden, Germany). Central approval for the MMML network was obtained through the institutional review board of the University of Göttingen (D403/05).
Single nucleotide polymorphism chips
All 39 samples were analyzed on 250k Sty GeneChips (Affymetrix, Santa Clara, CA, USA), and 30 of these with enough material were additionally hybridized to Nsp-chips for a combined resolution of approximately 500k SNP. Each 250k GeneChip was prepared and hybridized according to the Affymetrix manual. The GeneChips were scanned by a GeneChip scanner 3000 with G7 update (Affymetrix) . The sample files were genotyped with the BRLMM-algorithm (see below). The SNP-chip files have been submitted to the GEO database under accession number GSE21597.
Genotyping and copy number analysis
The BRLMM algorithm 12 was applied with default parameters (score threshold=0.5, prior size=10000 and DM threshold=0.17) to genotype mBL and 63 non-mBL tumor samples (unpublished data) using 39 Hapmap samples provided by Affymetrix (http://www.affymetrix.com/support/technical/sample_data/500k_data.a ffx) as a reference. The reference set was complemented by 20 laboratory-specific reference samples (11 female, 9 male) for the Sty array and 10 (6 female, 4 male) for the Nsp array. We supplemented the Hapmap samples with laboratory-specific samples because the Copy Number Analyzer for GeneChips (CNAG) software selects the reference samples that minimize the signal variance, so that a larger collection of references results in a lower "noise", and the laboratory-specific references should better eliminate a laboratory-specific signature. Median call rates of the mBL tumor samples were 96.23% and 98.96% for Sty-and Nsp-arrays, respectively (range, 90.44-98.63% and 90.26-99.65%).
Copy number analysis was performed using the CNAG program v2.0, 13 employing the same reference samples as for genotyping. CNAG was configured to select an optimal gender-specific reference set individually for each array. 13 This resulted in selection of 97.6% of the laboratory-specific references for Sty-arrays and 81.6% for Nsp-arrays. The lower proportion for Nsp possibly reflects the lower number of references for the Nsp-samples, giving the software less variance in references to choose from. For samples with Sty and Nsp arrays available, data from both chips were combined. Segmentation of raw copy number data was performed using the hidden Markov model (HMM) approach provided by CNAG.
HMM parameters were adjusted individually for each array to adapt the segmentation to differences in hybridization quality and tumor cell content of the analyzed samples. Starting with default parameters, the mean levels of HMM states were adjusted to optimize the segmentation results, i.e. to avoid missing clearly aberrant regions, as well as to prevent frequent successive alternation between neighboring HMM states.
With regard to outliers and technical artifacts, HMM segments were considered as copy number aberration only if they consisted of at least five consecutive imbalanced SNP. A preliminary analysis with a more stringent limit of ten consecutive SNP resulted in the identification of the same 33 recurrent regions, and only in small shifts in the borders of six of these regions (see Genomic Identification of Significant Targets in Cancer [GISTIC] analysis), due to exclusion of one imbalanced case for each of these six regions. This shows the robustness of the approach. High level amplifications were defined as aberrations with an HMM copy number of at least five, homozygous deletions as aberrations with a copy number of zero.
For the chromosome X in males (except for pseudo-autosomal region 1), interpretation of log2 ratios had to be adjusted with respect to the gender-specific (single copy) reference. Therefore, segments with an estimated HMM copy number of one to three copies were assumed to be normal (copy number n=1). Segments with an estimated copy number of at least four were selected as copy number gains and segments with an estimated copy number of zero as losses.
Loss of heterozygosity and uniparental disomy analysis
An HMM-based method 14 implemented in the dChip program 15, 16 (Build date: Apr 11, 2007) was used to infer regions with loss of heterozygosity (LOH). The "HMM considering haplotype" (LD-HMM) 14 method was selected for the LOH calculations to account for linkage disequilibrium-induced SNP dependencies. The LOH call threshold was set at 0.99, applying an empirical haplotype correction.
14 Thus, putative LOH regions were excluded if there was 95% concordance of the homozygous genotypes of the candidate LOH region with respective regions of more than 5% of the reference samples. For samples for which both Sty and Nsp arrays were available, the combined Sty/Nsp set of 39 Affymetrix Hapmap samples was used as the normal reference set. The complete set of Sty reference arrays was selected as the reference for tumor samples without Nsp array data.
LOH regions were called UPD if no copy number aberrations were present in the region. In LOH regions partially affected by copy number aberrations, subregions without copy number aberrations were classified as UPD if they comprised 50 or more neighboring SNP.
Test for recurrence using Genomic Identification of Significant Targets in Cancer
For each imbalance detected by CNAG, the mean log2 ratio was determined. For gains and losses, the segment level was set to 0.1 and -0.1 if the mean log2 ratio was less than 0.1 or greater than -0.1, respectively. The segment level of balanced regions was set to 0. Using these segment values we selected recurrent gains and losses using GISTIC with standard parameters and thresholds. 17 Regions with known copy number polymorphisms were filtered by GISTIC using the Database of Genomic Variants (Version: June 2008). 18 Each recurrent aberration identified by GIS-TIC was represented by a region with the highest G-score (peak region) and a robustified wide peak region. 17 If the majority of the markers showed a concordant copy number status for the peak or the wide peak region, the respective region in each of the affected cases was classified as present.
Correlation of copy number and gene expression
We compared the mRNA expression level of genes within a recurrent region detected by GISTIC between cases with aberrant and balanced genomic status using Student's t-test, employing Hg17 (NCBI Build 35) for annotation, considering only regions with more than two contributing samples. Gene expression profiles of BL have been published. 8 Due to the small sample size we combined gains and high level amplifications. Adjustment for multiple testing within each recurrent region was performed with the step-down minP method implemented in the R-package multtest 19 using a family wise error rate of 5%.
20
RNA extraction, reverse transcription and real-time polymerase chain reaction quantification of micro-RNA RNA extraction, reverse transcription and real-time polymerase chain reaction (PCR) quantification were performed as described previously. 21 Briefly, the RecoverAll kit (Ambion, Austin, Texas, USA) was used for RNA-extraction from four 20 µm sections of formalin-fixed, paraffin-embedded tissues. The TaqMan 
Results
We generated 250k Sty SNP chips from 39 mature, aggressive B-cell lymphomas that had an mBL index ≥0.95 according to gene expression. For 30 of the tumors additional 250k Nsp chips were generated for a combined interrogation of 500k SNP, employing a resolution not previously attained for BL. Thirty-five of 38 evaluated tumors had an IG-MYC translocation detectable by fluorescence in situ hybridization (FISH). 8, 22 Histological diagnoses by experienced pathologists did not always agree with the gene expression signature of mBL, with the series encompassing 27 BL, 6 centroblastic diffuse large B-cell lymphomas (DLBCL), one follicular lymphoma grade 3b, and 5 unclassifiable lymphomas. Twenty-four patients were 16 years or younger at the time of diagnosis.
As signals from single SNP probes are rather noisy, we only considered aberrations detected by at least five consecutive SNP for copy number analysis, resulting in a median detection window size of 33.8 kb and 16.6 kb for 250k and 500k arrays, respectively. Overall, the analysis detected 484 gains, 388 losses and 518 UPD before filtering for known copy number variations, combining the datasets from both arrays. Filtering left 308 gains and 220 losses that had less than 50% marker overlap with annoGenomic aberrations in Burkitt's lymphoma haematologica | 2010; 95 (12) 2049 
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tated copy number polymorphisms (Table 1, Figure 1 ). Of these, 32 were high level amplifications and 6 were homozygous deletions (Online Supplementary Tables S1 and  S2 ). Concerning the size of the copy number changes, the smallest aberrant region was 886 bases long and the median size was 522,475 bases ( Table 1 ). The fraction of SNP detected in the normal copy number state of two was calculated to be more than 99% for 15 of the 39 tumors, and more than 95% for an additional 14 samples. After filtering, data processing and testing for recurrent events, we detected 13 gains and 16 losses passing the significance threshold given by GISTIC (Tables 2 and 3 ; Online Supplementary Figure S1 ; complete annotation of genes in Online Supplementary Tables S3 and S4). It was not possible to calculate recurrence for UPD, as the tumors had too few overlapping UPD to reach a meaningful threshold. Regions with at least a few overlapping broad UPD encompass major parts of both arms of chromosomes 1 and 17, and the chromosomal arms 6p and 13q ( Figure 1 ). The highest recurrence in gains (peak limit region aberrant in ≥7 cases) was detected for 1q25.1, 1q31.3, 3q27.2, 6q15, 11q24.3, and 13q31.3 ( Table 2 ). The most frequent regions for losses of genetic material (peak limit region aberrant in ≥6 cases) were 3q13.13, 17p13.1, 19q13.42 and Xp22.33 (Table 3) . A recent conventional CGH study which also employed a molecular definition of BL, 6 also described gains on 1q, 8q24-ter and 13q31-q32, and a recurrent loss on 17p (Tables 2 and 3) .
Some regions contained genes with already known relevance for BL or cancer in general. For example, the gains at 3q27.3 (7 cases) always involved BCL6. Although a deregulation by translocation for this oncogene was described for large B-cell lymphomas, 23 none of the affected BL samples showed a translocation detectable by FISH. 8 Increased expression of BCL6 was seen in affected cases ( Figure 2B ). Thus, BCL6 might be up-regulated solely by genomic gains in BL. Deleted regions involving or near previously known tumor suppressors were 9p21.3 (in only 2 cases) and 17p13.1, as these regions harbor CDKN2B and TP53, respectively, two well described tumor suppressor genes in BL. 24, 25 While the recurrent loss on 9p21.3 narrowed exactly down to the CDKN2B gene, the target in the region 17p13.1 is unclear: four cases had lost one copy of the entire arm of chromosome 17, thereby deleting a copy of TP53. We also detected a partial UPD overlapping with the entire chromosomal region in three further cases. However, three additional cases had smaller heterozygous deletions, approximately 2 Mb away from the TP53 gene,
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each including STX8, USP43 and WDR16 as the only annotated genes. In our gene expression data, only STX8 is represented on the chip and is significantly down-regulated in cases with deletion ( Figure 2A ). Deletions involving 13q14.3 and/or 13q34 were recently observed by FISH in over 40% of childhood BL. 26 We, however, detected a recurrent loss centered at 13q32 only in 3/39 (7.7%) cases.
Concerning MYC, we detected a recurrent gain in five cases at 8q24.13, the location of this gene. Notably, the expression of MYC is not significantly different between cases with the respective gain and cases with an IG-MYC translocation, which is known to cause strong MYC overexpression (Figure 2A) . It is interesting that three out of 39 BL cases had no detectable MYC translocation in FISH, 8, 22 although this does not exclude cryptic insertions of MYC into an IG locus or vice versa. Nevertheless, they were scored as mBL by gene expression. 8 Two of these are among the cases with MYC gain.
The gain in 1q31.3, found in 13 cases, contained the gene PTPRC, a regulator of B-cell receptor and cytokine signaling, 27 and two annotated miRNA genes (hsa-mir181b-1 and -213). The high recurrence of this gain hints at its importance for the tumor. Because the gene expression data showed no significant up-regulation of PTPRC in affected cases, and the gains often involved not the complete coding sequence of this gene (data not shown), the miRNA genes are strong target candidates.
The region gained on 13q31.3 in seven BL harbored the miRNA-17-92 supercluster. Only one of these cases showed a high level amplification at this location. For some of the BL analyzed (but not for the single case showing the amplification), miRNA expression profiles for their mature forms were recorded. The miRNA contained in the supercluster were consistently expressed at higher levels in cases with the respective gain (Online Supplementary  Table S5 ), though this failed to be statistically significant after correcting for multiple testing. Three cases harbored losses at 1p36.12 (and 4 further cases had large UPD involving the same region) which contained the gene E2F2, a transcription factor that binds to the promoter of the miRNA-17-92 cluster. Three BL showed a high level amplification of 18q21.2. Remarkably, these three are first, third and seventh in a ranked list of all 39 BL ordered according to the proportion of aberrant SNP (Figure 3) . The gene expression data for this region (Online Supplementary Figure S2) show that the POLI gene was significantly up-regulated, as were three other genes with unclear relevance.
Using expression data available for all BL, 8 we compared the expression of genes in a recurrent region in cases with an aberration detected by SNP-chip to cases without the respective aberration, to pinpoint gene dosage effects of possible oncogenes or tumor suppressors, if present. Some exemplary regions are shown in Figure 2 . We detected a clear concordant effect of copy number on expression strength: a gain led preferentially to a stronger expression of a large fraction of gained genes, with 12 of 108 probesets even reaching statistical significance after correction for multiple testing (and not a single significantly downregulated gene). Likewise, the majority of genes in a heterozygously lost region displayed reduced expression (52 of 258 probe-sets significant after correction, 2 inversely correlated). A statistically significant positive correlation was, therefore, detected in 17.5% of all probe-sets in aberrant regions.
Discussion
Cytogenetic and low-resolution CGH studies previously performed on BL revealed few consistent genomic imbalances. 4, 5 A caveat regarding these studies was the definition of BL on non-molecular grounds. These earlier studies probably included unrecognized molecular DLBCL in their 
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BL set, which contributed changes that newer studies do not recognize in mBL. The single high-resolution oligonucleotide array-CGH analysis in BL included, besides cell lines, only 13 primary tumors which were analyzed by a 44k array, 7 limiting resolution and sensitivity. Furthermore, lymphomas were selected as BL based only on histological diagnosis. 7 In our approach using molecularly-defined BL, we detected several of the aberrations that this paper found in only one to three histological BL. In most case we were able (due to the larger number of samples and the higher resolution) to set narrower limits to these regions and confirm them as recurrent events in primary tumors.
Concerning our published CGH analysis, 8, 22 at a resolution of 3000 probes of a subset of cases also analyzed here, we note a good concordance between the two methods. As expected, the SNP analysis detected multiple additional aberrations that the CGH could not detect because of res-
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haematologica | 2010; 95(12) olution constraints, but the raw signal values for the CGH clones gave the correct tendency for each aberration detected with SNP chips (unpublished data). Regarding high level amplifications and homozygous losses before filtering for copy number polymorphisms, 22 concordant regions were identified with both platforms. Importantly, however, 35 additional imbalances were only seen with the SNP-chips as the respective regions were not covered on the CGH-array, and in ten further instances of imbalances detected by SNP-chip analysis, CGH signals classified the regions as balanced.
Regarding the extent of genomic lesions in BL as compared to in other aggressive lymphomas, e.g. DLBCL, a direct comparison is currently not possible due to lack of data from identical high-resolution platforms. Nevertheless, an array CGH study with 3000 BAC clones detected a median of 8.5 copy number changes for DLBCL, 8 while, with our higher resolutions, the median copy number changes we found in BL was 6.0 with the 250k array and 8.5 with the 500k array ( Table 1) . Recent publications on comparable high-resolution SNP-chip approaches to mostly solid tumors reported more copy number changes per case (e.g. a median of 12 losses and 12 gains; although it should be considered that a change of >0.1 copies was already considered aberrant in one of these studies). 28, 29 We, therefore, confirm that BL has a relatively stable genome.
An important advantage of the SNP chip method compared to CGH is the former's ability to detect UPD, with the caveat that the exact detection of these disomies was hampered in this study as no normal tissue DNA was available for germline comparison. Nevertheless, using a statistical approach, robust pinpointing of larger stretches of LOH is possible. In several tumors, UPD are an additional way to inactivate tumor suppressor genes, 9,10 beside deletions and/or mutations. Thus, the integration of losses and UPD may allow better detection of new candidate tumor suppressors. Instead, we show that in BL there is little congruency between UPD and regions recurrently lost and no strong accumulation of UPD in specific regions (Figure 1 ), suggesting that UPD do not play a major role in BL. Nevertheless, the few UPD detected here may still be of functional relevance in the affected cases, as exemplified for TP53, for which cases with UPD were found besides cases with deletions.
Regarding the differential gene expression analysis, we detected a clear gene dosage effect for the recurrently aberrant regions (Figure 2 ). The only exception to this is the recurrent gain at 7q34, which includes nine genes, but not a single one with a strong dosage effect. This underlines that the gain and loss of genetic material can be a potent mechanism to deregulate certain genes in BL, in line with the results of a recent study comparing array-CGH data with gene expression levels. 6 Four cases that had a large deletion on chromosome 17 retained only a single copy of TP53, encoding the p53 tumor suppressor. These four cases showed lower TP53 gene expression compared with the 35 unaffected cases ( Figure 2B) . Notably, three further cases showed UPD encompassing TP53, suggesting that these events may also have pathogenic relevance. Indeed, two of two cases with deletion and two of two cases with UPD that were sequenced had inactivating TP53 mutations (data not shown). The exact target of smaller deletions on chromosome 17 in three additional cases was more ambiguous: the deletion was approximately 2 Mb away from TP53 and included three annotated genes (STX8, USP43 and WDR16) that were heterozygously lost in each affected case. However, as none of these genes shows differential expression between B-cell subsets (data not shown) and there were no previous reports about their functional involvement in cancer, the relevance of these deletions is unclear.
A significantly up-regulated gene in the amplified region 18q21.2, POLI, codes for DNA polymerase iota which plays a role as an error-prone polymerase in somatic hypermutation 30 and some forms of DNA-damage response. 31 We speculate that over-expression of POLI shifted the balance of DNA repair to more error-prone repairs, which would explain the high percentage of aberrant SNP detected in these cases (Figure 3 ). The expression of POLI was also positively correlated with an increased percentage of aberrant SNP in our set of tumors (Spearman's correlation=0.3; P=0.06). In breast cancer cells, a higher amount of POLI leads to a higher mutation burden, 32 suggesting a similar role in BL. A recent study in mice actually implicated POLI as a new oncogene in a colorectal cancer model. 33 We found that the MYC gene was not only targeted by translocation events, but additionally by gains of genetic material in five of the 39 BL. The gene expression was not different in mBL with the gain, but this is explainable by the fact that, to become a mBL, the up-regulation of MYC is obligatory. 8 Indeed, we identified three mBL that had no detectable MYC translocation by FISH ( 8 and data not shown), but two of these showed a low-level gain including MYC. These cases were nevertheless classified as mBL. 8 The most frequent deregulation of MYC is, therefore, by translocation to another enhancer (such as IG-MYC), but we suppose that the gain of genomic material is an additional mechanism by which the expression of this important driver gene can be increased. The three BL with a gain in addition to the translocation probably represent unbalanced translocation events. For the remaining single case without translocation and without gain, the mechanism of deregulation is unknown. TP53 deletions, which may hamper the pro-apoptotic activity of MYC, were not specifically associated with BL harboring MYC gains.
Regarding MYC deregulation, gain of the miRNA-17-92 supercluster in seven cases is of note, because it is directly transactivated by MYC. 34 This cluster has been shown to be frequently over-expressed in several types of solid tumors 35 and also B-cell malignancies, 36 in which it is also often amplified. 37 Over-expression of this cluster in mouse lymphocytes reduces apoptosis and accelerates lymphoma development, 38 defining it as an oncogene. 37, 39, 40 In addition, it was recently shown that these miRNA act synergistically with MYC in the development of aggressive cancer. 36 They provide the tumor with a means to counteract activation-induced apoptosis caused by the high MYC expression in BL, by reducing the expression of tumor suppressor genes, for example TGFBR2, 36 BIM and PTEN.
38,40
The miRNA-17-92 supercluster is controlled by an autoregulatory loop with E2F-family proteins. 41 In our series, three cases had heterozygous deletion of the E2F2 gene on 1p36.12, which directly binds the promoter of the supercluster and increases its expression. The three cases with E2F2 deletion had lower mRNA levels of the gene than the other cases, although the difference did not reach Genomic aberrations in Burkitt's lymphoma haematologica | 2010; 95 (12) 2053 © F e r r a t a S t o r t i F o u n d a t i o n statistical significance (data not shown). The deletion of a positive regulator of the miRNA cluster at first seems counterintuitive, as other cases in our series had specifically amplified miRNA polycistron, hence over-expression of these miRNA seems to be advantageous for the clone. Besides regulating the miRNA cluster 17-92, E2F2 thus presumably has other effects on the tumor which promoted the deletion. It was indeed shown that E2F2 functions as a tumor suppressor in B cells of mice over-expressing MYC. 42 The mice with heterozygous E2F2 deletions show strong haploinsufficiency, resulting in accelerated development of MYC-driven B-cell lymphomas, suggesting that also in human BL, the heterozygous losses could have a strong effect on the tumor clone. We thus propose that the heterozygous deletion of E2F2 would indeed tend to decrease the expression of the miRNA-17-92 supercluster, but this potential down-regulation is overcompensated in BL by the high amount of MYC, a direct transactivator of this supercluster. In this way, the tumor can benefit from the remaining effects of reduced E2F2 discussed above. In our dataset, gain of the miRNA-cluster 17-92 and deletion of E2F2 were mutually exclusive, hinting at the possibility that either event is sufficient to deregulate the feedback loop. In summary, we refined the make-up of known genetic events in BL with high resolution, and found many new recurrent aberrations, whose functional significance is mostly unclear so far. Some of these newly identified lesions affect the MYC pathway, suggesting that this pathway is deregulated in a more complex fashion than previously thought.
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